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INTRODUCTION 


The  use  of  iron(III)  oxide  as  a  potential  photoanode  for  photoinduced 
electrolysis  of  water  has  been  reported  (1-5)  .  The  interest  in  this  compound 
has  been  generated  by  its  relatively  narrow  band  gap  (^2.2eV)  and  its  stabil¬ 
ity  in  aqueous  solutions.  It  was  found  that  pure  a-Fe^O,  has  a  high  resis¬ 
tivity  (>10^fi-cm  and  shows  no  detectable  photocurrent  (6) .  Although  the 
phase  boundary  between  a-Fe^O^  and  Fe^O^  is  sharp  (7)  ,  ct-Fe^O^  can  be  made 

conducting  by  the  introduction  of  small  amounts  of  Fe„0  by  exposure  to  a 

j  4 

reducing  atmosphere.  The  spinel  Fe  0  contains  both  iron(II)  and  iron(III) 

3  4 

on  octahedral  sites,  and  conduction  occurs  via  electron  transfer  from  iron (II) 
to  iron(III).  However,  iron(III)  oxide  itself  crystallizes  with  the  corundum 
structure,  which  contains  only  trivalent  iron,  and  cannot  tolerate  deviations 
from  a  metal-to-oxygen  ratio  of  2:3. 

One  of  the  problems  in  the  search  for  new  iron-containing  oxide  semi¬ 
conductors  for  potential  photoelectrodes  is  the  relationship  between  electri¬ 
cal  transport  properties  and  structure.  Compounds  crystallizing  with  the 
a-PbO^,  wolframite,  and  rutile  structures  are  potentially  interesting  mate¬ 
rials  because  they  can  contain  varying  amounts  of  iron(II)  and  iron(III)  on 
equivalent  sites.  In  the  following  sections,  the  preparation  of  some  iron- 
containing  transition  metal  tungstates  crystallizing  with  the  tri-a-PbO^, 
wolframite,  and  tri-rutile  structures  will  be  described,  and  the  relationship 
between  the  observed  electrical  properties  and  certain  structural  features, 
such  as  cation  distribution  and  geometry  of  octahedral  linkages,  will  be 


discussed. 
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EXPERIMENTAL 


The  preparation  of  iron(III)  tungstate  Fe^WO^  has  been  described 
previously  (8) .  Samples  were  prepared  by  a  solid  state  reaction  of  Fe^O^ 
(obtained  by  decomposition  of  iron(II)  oxalate  in  air)  and  WO^  (obtained 
by  heating  99.9%  pure  tungsten  foil  under  flowing  oxygen  for  four  days 
at  1000°C) .  A  finely  ground  mixture  of  the  oxides  was  placed  in  a  covered 
platinum  crucible  and  heated  in  air  at  950°C  for  six  days.  Polycrystalline 
samples  of  the  solid  solution  Fe^  Cr^WO^  were  prepared  by  heating  finely 
ground  mixtures  of  (Mapico  Red),  C^O^  (obtained  by  thermal  decomposi¬ 

tion  of  (NH4)oCr207  [Mallinkrodt,  analytical  reagent]  at  600°C  for  30  hours 
in  air),  and  WO^  for  six  days  at  950°C  in  air  in  covered  platinum  crucibles. 

Polycrystalline  FeWO^  was  prepared  by  a  solid  state  reaction  of  FeO 
and  WOj  (9).  FeO  was  obtained  by  reacting  freshly  reduced  iron  metal  (Leico) 
with  Fe2°3  (Mapico  Red)  for  three  days  at  900°C  in  sealed  evacuated  silica 
tubes  and  quenching  the  tubes  rapidly  into  cold  water  to  prevent  dispropor¬ 
tionation  of  FeO  into  Fe  and  Fe^O^.  A  finely  ground  mixture  of  FeO  and  W03 
was  heated  at  900°C  for  six  days  in  a  sealed  evacuated  silica  tube.  Poly¬ 
crystalline  samples  of  the  solid  solution  Fe^  ^Mn^WO^  were  prepared  by 
heating  finely  ground  mixtures  of  FeO,  MnO,  and  WO^  for  six  days  at  900°C 
in  sealed  evacuated  silica  tubes.  MnO  was  prepared  by  hydrogen  reduction  at 
650°C  of  manganese(III)  hydroxides  obtained  from  alkaline  peroxide  oxidation 
of  a  manganese(II)  sulfate  solution. 

Single  crystals  of  Fe^Mn^VO^  were  grown  from  single-phase  polycrystal¬ 
line  samples  by  chemical  vapor  transport  using  tellurium(IV)  chloride  as  a 
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transport  agent.  A  concentration  of  2.3  mg  TeCl^/cc  was  used;  the  tempera¬ 
ture  of  the  charge  zone  was  985°C  and  that  of  the  growth  zone  900PC. 

Crystal  growth  proceeded  for  one  week.  All  products  were  removed  from  the 
transport  tube,  washed  immediately  with  dilute  hydrochloric  acid,  then 
rinsed  with  water  and  dried  with  acetone.  In  all  cases,  crystals  large 
enough  for  electrical  measurements  were  formed. 

X-ray  diffraction  patterns  of  the  polycrystalline  materials  and  ground 
single  crystal  powders  were  taken  using  a  Philips  Norelco  diffractometer 
with  monochromatic  CuKci^  radiation  from  a  high-intensity  copper  source 

O 

(X=  1.5405A).  Cell  parameters  were  determined  from  slow-scan  (0.25  degree 
29/min)  diffraction  patterns  over  the  range  of  10 <  2S  $  70°  ;  the  reflections 
were  indexed,  and  precise  lattice  parameters  were  obtained  using  a  least 
squares  refinement. 

Sintered  disks  of  Fe^WO^  were  prepared  as  described  previously  (8)  by 
hot-pressing  aliquots  of  approximately  800  mg  for  2  hours  at  980°C  at  an 
applied  pressure  of  5000  psi.  Dies  and  plungers  of  Diamonite  (A170^)  were 
used.  The  heating  rate  was  about  12° C/hr,  and  at  the  end  of  the  sintering 
process,  the  disks  were  allowed  to  cool  at  nearly  the  same  rate.  The 

O 

product  was  x-rayed  with  Fe  Ka  radiation  (X  =  1.9360A)  using  the  Debye- 
Scherrcr  method,  and  its  pattern  was  compared  with  those  of  the  corresponding 
starting  compounds  to  confirm  that  the  phase  did  not  undergo  any  change 
during  the  sintering  process.  Sintered  disks  of  Fe^  ^Cr^WOg  were  prepared 
by  pressing  aliquots  of  approximately  200  mg  at  90,000  psi;  10  drops  of 
Carbowax  were  added  to  the  sample  before  pressing  in  order  to  facilitate 
the  formation  of  a  well-sintered  disk.  The  pressed  disks  were  placed  on  a 
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bed  of  powder  having  the  same  composition,  in  an  alumina  crucible.  The 
disks  were  heated  at  a  rate  of  50°C/hr  to  950°C  and  maintained  at  that 
temperature  for  7  hours.  At  the  end  of  the  sintering  process,  the  disks 
were  cooled  at  the  same  rate.  The  product  was  x-rayed  with  Fe  Ka  radiation 

O 

(A  =  1.9360A)  using  the  Debye-Scherrer  method,  and  its  pattern  was 
compared  with  those  of  the  corresponding  starting  materials  (as  was  described 
for  Fe_WO£) . 

The  resistivities  of  both  single  crystals  and  sintered  disks  were 
measured  using  the  van  der  Pauw  technique  (10) .  Contacts  were  made  by  the 
ultrasonic  soldering  of  indium  onto  the  samples,  and  their  ohmic  behaviors 
were  established  by  measuring  their  current -volt age  characteristics.  The 
sign  of  the  majority  carriers  was  determined  from  qualitative  measurement 
of  the  Seebeck  effect. 

RESULTS  AND  DISCUSSION 

The  structure  of  Fe^WO^  has  been  described  by  Senegas  and  Galy  (11). 
FejWO^  crystallizes  with  the  tri-a-PbC^  structure,  an  ordered  variant  of 
the  a-PbC^  structure.  It  consists  of  a  distorted  hexagonal  closed-packed 
array  of  oxygen  anions  in  which  one-half  the  octahedral  interstices  are 
occupied  by  iron  and  tungsten  in  an  ordered  manner.  The  cations  are  dis¬ 
tributed  in  such  a  way  as  to  give  rise  to  skew-edge  linked  chains  of 
octahedra  extending  along  the  £  direction  as  shown  in  Figure  1.  Separate 
chains  are  corner  linked  to  each  other.  Senegas  and  Galy  have  indicated 
that  ideally  one  third  of  these  puckered  chains  contains  only  iron  atoms. 
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and  two  thirds  show  a  one-to-one  ordering  of  iron  and  tungsten  atoms.  The 
2:1  cation  ordering  causes  a  tripling  of  the  b  axis  relative  to  the  normal 
a-PbO-  unit  cell.  The  space  group  is  Pbcn  and  the  lattice  parameters  for 
the  orthorhombic  cell  are: 

a  =  4 . 577A( 1) ,  b  =  16.750A(3),  c  =  4.965A(1) 

Fe^WO^  prepared  from  stoichiometric  mixtures  of  the  appropriate  oxides 
always  shows  trace  amounts  of  a-Fe^O^  *n  product,  as  indicated  by  the 
presence  of  some  of  the  strongest  reflections  of  this  oxide  (012,  110,  024, 
116,  214)  near  the  limit  of  detection.  This  material  has  been  reported  (8) 
to  be  an  n-type  semiconductor  with  an  activation  energy  of  .17  eV  and  a 
room  temperature  resistivity  of  '\-50fi-cm.  The  presence  of  trace  amounts  of 
a-Fe^O^  can  be  accounted  for  on  the  basis  of  a  solid  solution  of  small 
amounts  of  FeWO^  in  Fe^O^  as  shown  by  Leiva  (8).  Thus,  the  extrinsic 
n-type  semiconducting  behavior  of  *s  consistent  with  the  solid  solu¬ 

tion  of  FeWCr  in  FeJVO  thereby  introducing  iron(II)  and  iron(III)  on 
4  2  o 

equivalent  sites  so  that  conduction  may  occur  along  the  chains  of  the 
tri-a-PbO^  structure  by  electron  hopping. 

The  solid  solution  Fe^  ^Cr^WO^  is  single  phase  in  the  region  .3$x^2 
and  crystallizes  with  the  inverse  trirutile  structure,  an  ordered  variant 

of  the  rutile  structure,  which  has  been  described  by  Bayer  (12)  for  Cr  WO  . 

2  o 

The  inverse  trirutile  structure  (space  group  P4/2mnm)  can  be  described  as 
a  hexagonal  close-packed  array  of  oxygen  anions  in  which  one  half  of  the 
octahedral  interstices  arc  occupied  so  as  to  give  rise  to  straight  chains 
of  edge  linked  octahedra.  There  is  a  2:1  cation  ordering  within  the 


The 
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chains  of  the  inverse  trirutile  structure,  as  shown  in  Figure  2. 
variation  of  cell  parameters  with  composition  (shown  in  Table  I)  and  the 
variation  of  cell  volume  with  composition  are  consistent  with  Vegard's  law. 
The  decrease  in  cell  volume  with  increasing  chromium  content  is  consistent 
with  the  decrease  in  ionic  radius  between  iron(III)  and  chromium(III) . 

All  single-phase  materials  Fe^  Cr^WO^  for  -3SXS2  were  found  to  be 
non-conducting.  This  is  consistent  with  chromium(III)  effectively  blocking 
any  possible  conduction  pathways  involving  iron(II)  and  iron(III)  in  the 
straight  chains  of  the  inverse  trirutile  structure.  Thus,  substitution  of 
chromium(III)  in  Fe?WO^  changes  the  structure  from  tri-a-PbO^  to  inverse 
trirutile,  and  electron  hopping  involving  iron(II)  and  iron(III)  in  the 
straight  chains  of  the  inverse  trirutile  structure  is  effectively  blocked. 

FeWO^  crystallizes  with  the  monoclinic  wolframite  structure  (P2/c), 
another  ordered  variant  of  the  a-Pb02  structure,  which  has  been  described 

n  it 

by  Ulku  (13)  and  Cid-Dresdner  (14) .  It  consists  of  a  distorted  hexagonally 
close-packed  array  of  oxygen  anions  in  which  one  half  of  the  octahedral 
interstices  are  filled,  giving  rise  to  puckered  skew-edge  linked  chains  of 
octahedra  along  the  £  direction,  as  shown  in  Figure  3.  The  cation  distribu¬ 
tion  within  these  chains  differs  from  that  of  the  tri-a-Pb02  structure;  in 
the  wolframite  structure,  the  puckered  chains  are  occupied  entirely  by  either 
iron(II)  or  tungsten(VI) .  There  are  no  mixed  chains  in  the  wolframite 
structure,  and  separate  chains  of  unlike  cations  are  corner  linked  to  each 
other.  The  cell  parameters  of  FeWO^  determined  from  polycrystalline  powders 
are:  a  =  4.734A(1),  b  =  S.708A(1),  c  =  4.963A(1),  and  B -v  90°.  Single 
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crystals  of  Felv'O  grown  by  chemical  vapor  transport  with  tellurium(IV) 
chloride  are  p-type  semiconductors  with  a  room  temperature  resistivity  of 
M00n-cm  and  an  activation  energy  of  .16  eV  (9)  .  The  extrinsic  p-type 
semiconducting  behavior  of  FeWO^  is  consistent  with  the  presence  of  a 
small  amount  of  iron(III)  introduced  by  solid  solution  of  some  Fe-WO,. 
Iron(II)  and  iron(III)  would  then  be  present  on  equivalent  sites,  allowing 
conduction  to  occur  along  the  chains  of  the  wolframite  structure  by  electron 
hopping. 

The  solid  solution  Fej  Mn  WO4  is  single  phase  where  Osxsl  and  crys¬ 
tallizes  with  the  wolframite  structure.  The  variation  of  cell  parameters 
with  composition  is  shown  in  Table  II.  and  the  variation  of  cell  volume  with 
composition  is  consistent  with  Ve'gard  ’  s  law.  The  increase  in  cell  volume 
with  increasing  manganese  content  is  consistent  with  the  slightly  larger 
ionic  radius  of  manganese(II)  high  spin,  compared  with  that  of  iron(II) 
high  spin. 

The  electrical  properties  of  Fej  x^,nxl',®4  were  measured  on  single  crys¬ 
tals  grown  by  chemical  vapor  transport  with  TeCl^.  The  stoichiometry  of 
each  crystal  measured  was  checked  by  grinding  part  of  the  crystal  and  deter¬ 
mining  the  lattice  parameters  of  the  resulting  powder.  Comparison  of  the 
lattice  parameters  of  the  crystals  with  that  of  the  polycrystalline  powders 
showed  good  agreement.  All  crystals  in  this  system  having  measurable  re¬ 
sistivity  showed  p-type  semiconducting  behavior;  however,  the  value  of 
resistivity  at  room  temperature  increases  from  lOOC-cm  for  pure  FeKO^  to 
only  40CC-cm  for  the  composition  Fe  gMn  and  500(Ki-cm  for  Fe  ^Mn  ^WO^. 
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Manganese(II)  does  not  effectively  block  the  conduction  pathways  in  the 
structure,  and  this  result  suggests  that  electron  delocalization  may  occur 
in  the  wolframite  structure  to  give  rise  to  interchain  electron  transfer. 

The  resistivity  of  these  iron-containing  phases  crystallizing  with 
the  wolframite,  tri-oi-PbO.,,  and  inverse  trirutile  structures  is  affected 
by  both  cation  distribution  and  geometry  of  octahedral  linkage.  It  is 
found  in  Fe^WO^  that  when  the  octahedral  linkages  are  changed  from  skew- 
edge  linked  to  straight-edge  linked,  the  conduction  pathways  are  blocked  effec¬ 
tively  by  chromium(III) .  Similar  results  were  reported  by  Khazai  et  al.  (15) 

for  the  system  Fe,  Cr  NbO.,  where  substitution  of  chromium(III)  resulted 
1-x  x  4 

in  a  structural  change  from  wolframite  to  rutile  with  a  large  increase  in 
resistivity.  In  manganese-substituted  Feh'O  ,  the  wolframite  structure 

4 

with  its  skew-edge  linked  chains  is  maintained.  It  is  found  that  the  con¬ 
duction  pathways  in  this  system  are  not  blocked  efFeri-i vely  by  manganese(II)  , 
possibly  because  of  interchain  electron  delocalization.  Thus,  it  appears 
that  not  only  the  cation  distribution  but  also  the  structure  type  is 
important  in  determining  the  electrical  properties  of  these  phases. 


CONCLUSIONS 

i  / 

-  /  is  an  n-type  semiconductor  crystallizing  with  the  tri-a-PbO., 

structure,  an  ordered  variant  of  the  more  basic  a-PbO^  structure.  The 
extrinsic  semiconducting  behavior  is  consistent  with  the  presence  of  both 
iron(II)  and  iron(III)  in  the  puckered  chains  of  the  structure.  The 
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)  presence  of  the  two  valence  states  of  iron  is  due  to  a  solid  solution  of 
a  small  amount  of  FelVO^  in  Fe^KO^ .  Substitution  of  chromiumflll)  into 
Fe^WO^  changes  the  structure  type  to  inverse  trirutile,  and  it  is  found 
that  chromium(III)  effectively  blocks  any  electron  hopping  between  iron(ll) 
and  iron(III)  in  this  structure. 

FeWO^j,  on  the  other  hand,  is  a  p-type  semiconductor  crystallizing 
with  the  wolframite  structure.  The  extrinsic  semiconducting  behavior  of 
FeWO^  is  consistent  with  the  presence  of  both  iron(II)  and  iron(III)  in 
the  puckered  chains  produced  by  solid  solution  with  a  small  amount  of  Fe?WO^. 
Substitution  of  manganese(II)  into  FeWO^  maintains  the  wolframite  structure; 
however,  the  room  temperature  resistivity  does  not  vary  as  markedly  as 
anticipated  for  electron  hopping  between  iron(II)  and  ironCHI)  along  the 
puckered  chains.  This  suggests  that  contributions  to  the  electrical  conduc¬ 
tivity  may  occur  by  interchain  electron  transfer  via  pVO^]  octahedra  in  the 
FeW04  structure .  k 
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TABLE  I 


Crystallographic  Data  for  Fe,  ^Cr^WO 


Space  Group:  P4/2mnro 


x_ 

a  (A) 

c(A) 

0  X 

V(A  ) 

n 

4.580(1) 

8.865(1) 

186.0 

1 

4.607(1) 

8.916(1) 

189.2 

5 

4.619(1) 

8.941(1) 

190.8 

3 

4.627(1) 

8.964(1) 

192.0 

TABLE  II 

Crystallographic  1 

Data  for  Fe^ 

Mn  WO. 

-x  x  4 

Space  Group 

:  P2/c 

X 

a  (A) 

b  (A)  • 

c(A) 

B 

°  s 

V(AJ) 

0 

4.734(1) 

5.709(1) 

4.963(1) 

'v  90° 

134.1 

.2 

4.751(1) 

5 . 71 S ( 1 ) 

4.969(1) 

*90° 

135.0 

.5 

4.782(1) 

5.733(1) 

4.984(1) 

90.57(2)° 

136.6 

.8 

4.811(1) 

5.749(1) 

4.992(1) 

90.90(2)° 

138.1 

:.o 

4.829(1) 

5.759(1) 

4.998(1) 

91.16(2)° 

139.0 

1.0 


139.0 
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FIGURE  CAPTIONS 

Figure  1  -  The  tri-a-PbO.,  structure:  £-axis  perspective  of  linked 

octahedra;  light -shaded  octahedra  represent  [WO^.]  units. 

Figure  2  -  The  AB_0.  trirutile  structure:  showing  cation  ordering 

in  straight  chains  of  octahedra;  light -shaded  octahedra 
represent  [U'O^]  units. 

Figure  3  -  The  wolframite  structure:  £-axis  perspective  of  skewed 

chains  of  octahedra;  light -shaded  octahedra  represent 


fW06]  units. 
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